statement: 25 Live imaging and single cell clonal analysis reveal dynamic behaviors of zebrafish embryonic 26 muscle progenitor cells in quiescence and activation. 27 2 ABSTRACT 28 29
INTRODUCTION 45 46
Tissue-resident stem cells are crucial for proper organ development and tissue 47 homeostasis. Skeletal muscles possess remarkable ability to regenerate. To harness the 48 power of stem cells for treatment of diseases such as muscular dystrophy, it is critical to 49 understand how muscle progenitor cells behave in vivo. In vertebrates, skeletal muscles 50 originate from the somites (Saga and Takeda, 2001). As the embryo develops, the ventral 51 somite forms the sclerotome, generating progenitors of the axial skeleton and tendons, 52
whereas the dorsolateral somite forms the dermomyotome. The dermomyotome further splits 53 to form the dermatome and the myotome, which contribute to the formation of the skin and 54 skeletal muscles, respectively (Christ and Scaal, 2008; Scaal and Christ, 2004) . Thus, the 55 dermomyotome contains embryonic muscle progenitor cells required for the initial formation Using the col1a2:Gal4 line, we determined the number, distribution, morphology, and 148 dynamics of dermomyotome cells. To quantify the number of dermomyotome cells, we first 149 performed Pax7 antibody staining in col1a2 NTR-mCherry embryos at 2 dpf. On average, there 150 were 25 Pax7 + dermomyotome cells per somite, of which about 87% were also col1a2 + (Fig.  151 2A), suggesting that the col1a2 NTR-mCherry line labels most dermomyotome cells. The 152 incomplete labeling likely reflects the variegated nature of the Gal4-UAS system (Akitake et 153 al., 2011) . Second, col1a2 + dermomyotome cells appeared to distribute evenly to cover the 154 entire surface of the somite (Fig. 1D ). About 42% of cells were located along the vertical 155 myoseptum, 43% in between somite boundaries, and 15% along the horizontal myoseptum 156 ( Fig. 2B,C) . Third, by taking advantage of some highly mosaic col1a2 Kaede embryos, we were 157 able to visualize the morphology of individual dermomyotome cells at 3 dpf ( Fig. 2D ). They 158
were relatively flat cells sandwiched between the epithelium and muscle fibers. Individual 159 col1a2 + dermomyotome cells appeared to either "float" in between the two somite boundaries 160 or "anchor" their cell bodies along the myoseptum. They always exhibited a remarkable 161 ramified morphology with multipolar lamellipodia-like cellular projections (Fig. 2D ). Thin 162 cellular projections (up to 10 µm) extending out of these lamellipodia can often be observed 163 in col1a2 + cells, suggesting potential long range cell-cell communications or the ability to 164 detect distant injuries. By combining two UAS reporters, we visualized the dynamics of 165 dermomyotome cells in col1a2:Gal4; UAS:NTR-mCherry; UAS:Kaede embryos ( Fig. 2E ). The 166 mosaic nature of these transgenes allowed us to label a large number of dermomyotome 167 cells in different colors. Dermomyotome cells appeared to evenly cover the surface of the 168 somite with each cell occupying a non-overlapping territory. Time-lapse imaging showed that 169 after cell division, daughter cells regained the ramified morphology and maintained the similar 170 territory previously occupied by the mother cell ( Fig. 2E and Movie 2). Together, our results 171 demonstrate that the new col1a2:Gal4 driver can be utilized to visualize the dynamics of 172 dermomyotome cells at single cell resolution in zebrafish. 173 174
Dermomyotome cells generate new muscle fibers during embryonic muscle growth 175
To determine whether the dermomyotome contributes to muscle growth, we performed 176 two different lineage tracing experiments to follow col1a2 + dermomyotome cells. In the first 177 8 approach, we took advantage of the photoconvertible fluorescent protein, Kaede (Ando et al., 178 2002) . The normally green-fluorescent Kaede protein (Kaede green ) can be photoconverted to a 179 red-fluorescent Kaede protein (Kaede red ) by UV light. The perdurance of the Kaede red protein 180 allows us to trace Kaede-expressing cells for multiple days during development. Briefly, we 181 photoconverted a region of 5-6 somites in col1a2 Kaede embryos at 3 dpf, labeling col1a2 + 182 dermomyotome cells with Kaede red (Fig. 3A) . We then imaged the converted region of the 183 same fish 24 and 48 hours later. New muscle fibers can be easily identified based on their 184 elongated morphology spanning the entire somite between two adjacent vertical myosepta. 185
The emergence of new Kaede red muscle fibers suggests that col1a2 + dermomyotome cells 186 contribute to new muscle fibers during normal larval development ( Fig. 3B ). 187
As a complementary approach, we performed Cre-mediated lineage tracing to determine 188 the fate of col1a2 + dermomyotome cells. We generated the col1a2:Gal4; UAS:Cre-ERT2 189 
ECM dynamics during muscle regeneration 204
We have shown above that col1a2 + dermomyotome cells express muscle progenitor 205 marker pax7 and contribute to normal muscle growth. To determine whether they also 206 contribute to muscle regeneration, we performed needle injury experiments on muscles of 207 col1a2 NTR-mCherry ; α-actin:GFP embryos ( Fig. 4A ). Fish were injured within a 1-2 somite area 208 9 at 3 dpf and imaged every 24 hours for 3 days. At 24 hpi (hours post injury), the injury area, 209 as indicated by the absence of α-actin:GFP expression, became substantially smaller than 210 that at 1 hpi. This was accompanied by the emergence of elongated mCherry + cells in the 211 GFParea, suggesting that col1a2 + dermomyotome cells were recruited to the injury site. By 212 48 hpi, the injury area was completely replaced by newly regenerated muscles, as indicated 213 by higher level of α-actin:GFP expression compared to uninjured regions. At 72 hpi, some 214 newly formed muscles were also labeled by mCherry expression, suggesting that they were 215 derived from col1a2 + dermomyotome cells. Thus, needle injury experiments demonstrate that 216 small muscle injuries can be quickly repaired within 48 hours in zebrafish and col1a2 + 217 dermomyotome cells are likely the source of new muscle fibers. 218
We further investigated the expression kinetics of different markers during the entire 219 process of muscle injury repair. Fish were injured by needle stabbing at 3 dpf, and fixed at 220 different time points (7, 24, 48, 76 hpi) for in situ analysis (Fig. 4B ). The expression of the 221 muscle stem cell marker pax7 reached the highest level at the injury site at 24 hpi. The 222 elevated pax7 expression remained at 48 hpi before returning back to the basal level by 76 223 hpi. By contrast, myogenic markers (myoD and myogenin) displayed a kinetics slightly 224 lagging behind pax7. Their expression initiated at 24 hpi, reached the peak level at 48 hpi, 225 and returned to the basal level by 76 hpi. This result is consistent with the timing of muscle 226 regeneration from the activation of muscle progenitor cells to the differentiation of new 227 muscle fibers ( Fig. 4A ). Lastly, analysis of several ECM genes (col1a2, col5a1, col1a1a, cilp, 228 postnb and sparc) revealed similar expression kinetics as pax7 (Figs 4B and S2). The 229 expression of ECM genes was strongly induced at the injury site at 24 hpi and then gradually 230 declined in the following 48 hours. Together, our results suggest that dermomyotome cells 231 not only are recruited to the injury site to generate new muscle fibers, but also upregulate 232 ECM gene expression perhaps to facilitate the repair. 233 234
Single cell dynamics of dermomyotome cells 235
We have shown that dermomyotome cells generate new muscle fibers during both normal 236 muscle growth and muscle injury repair. To define the dynamic behavior of individual 237 dermomyotome cells in vivo, we performed single cell clonal analysis by taking advantage of 238 the photoconvertible Kaede and the mosaic nature of the col1a2 Kaede transgenic line. 239 10 Photoconversion of one isolated Kaede green dermomyotome cell allowed us to visualize its 240 cellular behavior and trace all of its Kaede red descendants. Briefly, we screened col1a2 Kaede 241 fish at 3 dpf and identified embryos with mosaic labeling of the dermomyotome. Single 242 isolated Kaede green cells were photoconverted with one cell per somite (3-4 cells per embryo) 243 to ensure accurate cell tracing across multiple time points. We then used the two-photon 244 laser to introduce targeted muscle injury near one Kaede red cell. Kaede red dermomyotome 245 cells in laser ablated somites were referred to as cells under injured condition, whereas 246 photoconverted cells in uninjured somites were defined as control cells under wild-type 247 condition. Individual embryos were imaged at 1, 24, 48, and 72 hpi to capture the dynamics 248 of individual converted cells and their descendants ( Fig. 5A) . 249
Based on cell behaviors of each clone, we categorized the response of dermomyotome 250 cells into four different categories ( Fig. 5B ). In type I response, cells did not proliferate and 251 maintained the ramified morphology throughout 72 hours. In type II response, cells 252 underwent one or more cell divisions, but all daughters maintained the ramified morphology, 253 suggesting a quiescent state. By contrast, in type III response, cells generated small 254 elongated cells, which were usually bi-polar with processes extending along muscle fibers. 255 This is markedly distinct from the multipolar ramified morphology of quiescent 256 dermomyotome cells, suggesting an activated state. Lastly, in type IV response, cells first 257 gave rise to small elongated cells similar to those in the type III response, some of which later 258 generated one or more Kaede red muscle fibers by 72 hpi. As Kaede protein appeared to 259 concentrate in the nuclei of muscle cells ( Fig. S3A ), new muscle fibers generated from 260
Kaede red cells can be easily identified based on the stronger Kaede red signal in the oval-261 shaped nucleus with a weaker and diffusive signal in the cytoplasm spanning the width of a 262 somite. Antibody staining confirmed that the Kaede red nucleus of a newly generated muscle 263 no longer expressed Pax7, a feature typical of differentiated muscles, whereas small 264 elongated cells remained Pax7 + (Fig. S3B ). Together, under wild-type conditions, 265 dermomyotome cells generated predominantly type I (59%, 38/65 cells) or type II (40%, 266 26/65 cells) responses, but rarely type III response (2%, 1/65 cells) and never type IV (16/68 cells) of dermomyotome cells in injured condition generated clones of at least 3 cells 270 11 compared to only 2% (1/65 cells) in wild-type conditions ( Fig. S3C ), suggesting an increase in 271 cell proliferation during muscle injury repair. These results suggest that type III/IV behaviors 272 represent the muscle regenerative response of "activated" dermomyotome cells. Since the 273 formation of new muscle fibers was always preceded by small elongated cells (Fig. 5B ), the 274 type III response likely represents a transitional phase before the formation of new muscle 275 fibers (type IV response). 276
Since not all dermomyotome cells would respond to the injury in the same somite ( Fig.  277 5B,C), we asked whether the initial position of the cell influences its behavior. We found that 278 the distance from the injury to the center of the labeled cells does not correlate with the type 279 of response ( Fig. 5D ). For example, some cells at 24 µm away failed to respond to the injury, 280 while some other cells over 80 µm away became activated. This result suggests that 281 dermomyotome cells can detect and respond to an injury at a long distance away from the 282 cell body. Interestingly, dermomyotome cells located along the myoseptum are more likely to 283 generate a type III or IV response (52%, 12/23 cells) than centrally located cells (29%, 13/45 284 cells) ( Fig. 5E ), suggesting that the local niche might influence the behavior of muscle 285 progenitor cells. 286 287
New muscle fibers are predominantly generated by fusion 288
Our single cell lineage tracing experiments indicate that "activated" dermomyotome cells 289 go through a series of stereotypic phases to generate new muscle fibers ( Fig. 5 ). To further 290 confirm this, we carried out confocal time-lapse imaging to visualize the entire process of 291 muscle regeneration. First, we imaged the "early phase" of muscle repair between 0 to 24 hpi 292 ( Fig. 6A ). Moderately mosaic col1a2 Kaede embryos were injured by needle stabbing at 59 hpf. 293
Isolated Kaede green cells were photoconverted to facilitate cell tracking ( Fig. 6B and Movie 3). 294
Within the first 24 hours, the "activated" dermomyotome cell started to project polarized 295 cellular processes along muscle fibers. This bi-polar and elongated morphology was 296 maintained even after the cell division. Consistent with our previous observations, new 297 muscle fibers were rarely generated during this time interval. Thus, the "early phase" of 298 muscle regeneration is characterized by the morphological changes and proliferations of 299 "activated" dermomyotome cells. Next, we performed time-lapse imaging of the "late phase" 300 of muscle injury repair. Mosaic col1a2 Kaede embryos were injured by needle stabbing at 3 dpf 301 and imaged from 29 to 48 hpi ( Fig. 6C ). From a total of 9 movies collected, we observed the 302 generation of 13 new muscle fibers. Remarkably, all 13 fibers were formed in a similar 303 fashion: a small elongated Kaede + cell at one time point disappeared by the next time point 304 (8-minute intervals), with simultaneous emergence of Kaede + muscle fiber characterized by 305
Kaede strong nucleus and Kaede weak cytoplasm (Fig. 6D ). The rapidity of this event suggests 306 that new muscle fibers are formed through cell fusions between a Kaede + dermomyotome 307 derived cell and an existing non-labeled muscle fiber. 308
Since we never observed any de novo fiber formation in our time-lapse movies, we asked 309 whether muscles are formed only through cell fusions. To answer this question, we 310 performed genetic lineage tracing in the col1a2 Cre-ERT2 ; ubi:Switch fish ( Fig. 7A ). Embryos at 3 311 dpf were treated with 4-OHT for 3.5 hours to mosaicly label dermomyotome cells. Fish were 312 then injured by needle stabbing and imaged at 75 hpi to quantify newly formed mCherry + 313 muscle fibers. If a new muscle fiber is generated de novo, it would be mCherry + but EGFP -314 due to the excision of the EGFP cassette by Cre-mediated switching. Conversely, if an 315 mCherry + dermomyotome cell fuses with an already existing muscle fiber (EGFP + ), the 316 resulting new muscle fiber will express both mCherry and EGFP (Fig. 7B ). In uninjured 317 control embryos, 97% of new muscle fibers (37/38) were formed via cell fusion, whereas only 318 3% of fibers (1/38) were generated de novo (Fig. 7C,D) . Interestingly, in injured embryos, de 319 novo fiber formation increased slightly to 14% (14/98) at the muscle injury site. Together, this 320 result is consistent with our time-lapse imaging that new muscle fibers are generated 321 predominantly through cell fusion of dermomyotome descendants with existing muscle fibers. 322 323
Dermomyotome cells are required for effective muscle regeneration 324
To test whether dermomyotome cells are essential for embryonic muscle injury repair, we 325 ablated col1a2 + dermomyotome cells using the nitroreductase (NTR) based system. The 326 NTR enzyme converts the harmless prodrug metronidazole (MTZ) into a cytotoxic compound 327 that induces rapid cell death of NTR-expressing cells (Curado et al., 2008; Pisharath et al., 328 2007) . col1a2 NTR-mCherry or sibling control embryos were treated with MTZ from 2 to 3 dpf, 329 injured at 3 dpf, and fixed at 24 hpi for in situ analysis (Fig. 7E ). In control embryos, myoD 330 expression was significantly upregulated at the site of injury ( Fig. 7F ), suggesting a robust 331 regenerative response. By contrast, most MTZ-treated col1a2 NTR-mCherry embryos showed no 332 13 specific induction of myoD at the injury site. This result suggests that col1a2 + dermomyotome 333 cells are required for an efficient muscle injury repair in early zebrafish embryos. We also observed some differences between zebrafish and higher vertebrates. First, in 357 mouse and chick, the dermomyotome has been shown to give rise to both muscles and the 
Zebrafish strains 488
Zebrafish strains were maintained and raised according to the standard protocols 489 (Westerfield, 2000) . All procedures were approved by the University of Calgary Animal Care 490
Committee. Embryos were grown at 28.5 °C and staged as previously described (Kimmel et 491 al., 1995) . Fish older than 24 hpf were treated with 1-phenyl 2-thiourea (PTU) to prevent 492 pigmentation. TL and TL/AB wild-type strains were used in this study along with the following 493 
Muscle injury 514
Two methods were employed to generate muscle injury at specific locations in larval 515 zebrafish. In needle injury, we used a sharp injection needle to stab muscles near the end of 516 20 yolk extension (somites 17-19) so the injury site can be recognized easily during the lineage 517 tracing. Alternatively, to introduce muscle injury at a more precise location, laser ablation was 518 performed with the 750 nm laser and the 25x objective on the Leica TCS SP8 multi-photon 519 microscope. A region of interest (ROI) at a desired location was selected, zoomed in to the 520 maximum (48x), and scanned with 100% 750 nm laser once. The laser-induced injury can be 521 readily visualized in the bright field after the scanning. pixel. For single cell photoconversions, 2% laser power was used to scan a small ROI (10 x 530 10 pixels) with the Tornado mode at a dwell time of 2 µs per pixel for a total of 1-2 seconds. 531
After photoconversion, embryos were released from the agarose, transferred to fish water to 532 recover in the dark, and analyzed at desired stages. 533 534
Cre-mediated lineage tracing 535
To obtain mosaic labeling, col1a2:Gal4; UAS:Cre-ERT2; ubi:Switch embryos were pulsed 536 with 10 µM 4-hydroxytamoxifen (4-OHT) for 2-3 hours at desired stages. After treatment, 4-537
OHT was washed off with fish water for three times, and embryos were recovered in fish 538 water for analysis at appropriate stages. 
Cell ablation experiments 561
To ablate col1a2 + cells, col1a2 NTR-mCherry transgenic fish were outcrossed with wild-type 562 fish to obtain mCherry + embryos (experimental group) and mCherryembryos (control group). 563
Embryos at 48 hpf were treated with metronidazole (MTZ) at a final concentration of 5 mM in 564 fish water for 24 hours. Embryos were then washed with E3 fish water 2-3 times and grown to 565 
Data analysis 588
All the graphs were generated in the GraphPad Prism software. For quantifications, 589 standard error of the mean was calculated. To analyze significance between two samples, P 590 values were determined by performing the Mann-Whitney U test. 591 embryos were injured, photoconverted at 59 hpf, and then imaged over 23 hours (0-23 hpi). 754
Cells "a" and "b" were within the injured area while the cell "c" was in the uninjured area. Cell 755 "a" (white arrows) maintained the ramified morphology, and divided once at 7 hpi generating 756 two daughter cells with similar morphologies. By contrast, cell "b" (yellow arrows) extended to 757 form an elongated morphology (arrowheads), and divided once at 16 hpi generating two 758 polarized daughter cells. Cell "c" (cyan arrows) did not divide and remained its ramified 
